At least three pathways control maintenance of DNA cytosine methylation in Arabidopsis thaliana. However, the RNA-directed DNA methylation (RdDM) pathway is solely responsible for establishment of this silencing mark. We previously described INVOLVED IN DE NOVO 2 (IDN2) as being an RNA-binding RdDM component that is required for DNA methylation establishment. In this study, we describe the discovery of two partially redundant proteins that are paralogous to IDN2 and that form a stable complex with IDN2 in vivo. Null mutations in both genes, termed IDN2-LIKE 1 and IDN2-LIKE 2 (IDNL1 and IDNL2), result in a phenotype that mirrors, but does not further enhance, the idn2 mutant phenotype. Genetic analysis suggests that this complex acts in a step in the downstream portion of the RdDM pathway. We also have performed structural analysis showing that the IDN2 XS domain adopts an RNA recognition motif (RRM) fold. Finally, genome-wide DNA methylation and expression analysis confirms the placement of the IDN proteins in an RdDM pathway that affects DNA methylation and transcriptional control at many sites in the genome. Results from this study identify and describe two unique components of the RdDM machinery, adding to our understanding of DNA methylation control in the Arabidopsis genome.
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genomics | mass spectrometry | siRNAs | epigenetics D NA methylation is a stable epigenetic mark that is associated with the repression of genes and transposable elements. In Arabidopsis thaliana, maintenance of DNA methylation at silent loci is carried out by at least three methyltransferases: METH-YLTRANSFERASE 1 (MET1), CHROMOMETHYLTRANS-FERASE 3 (CMT3), and DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2). However, DRM2 is solely responsible for establishment of DNA methylation-or de novo methylation-of silent elements (1) . DRM2 is guided to chromatin by small interfering RNAs (siRNAs) in a process known as RNAdirected DNA methylation (RdDM) (2) . It has been proposed that RdDM also requires intergenic noncoding (IGN) transcripts that are synthesized by RNA Polymerase V (Pol V). These transcripts likely serve as platforms for the recruitment of siRNA-loaded ARGONAUTE 4 (AGO4) to methylated loci (3, 4) .
Recently, we discovered the requirement of INVOLVED IN DE NOVO 2 (IDN2) for RdDM from a forward genetic screen (5) . Alleles of this same gene were later reported from another screen for DNA methylation mutants (6) . We previously demonstrated that IDN2 binds to double-stranded RNA through its XS domain, which is also observed in the XS-domain-containing protein SUPPRESSOR OF GENE SILENCING 3 (SGS3) (7) . We also found that IDN2 was likely to act in a step downstream of initial siRNA biogenesis. The XS domain is conserved throughout the plant kingdom, and XS-domain-containing proteins are involved in a wide range of processes such as viral defense (8) and stress response (9) .
To gain a better understanding of the in vivo role of IDN2, we performed affinity purifications from complementing transgenic lines expressing epitope-tagged full-length IDN2 protein. We found that IDN2 forms a complex with two unique proteins from the same family as IDN2, which we termed IDN2-LIKE 1 (IDNL1) and IDN2-LIKE 2 (IDNL2). Through single-locus approaches as well as whole-genome bisulfite sequencing we find that IDNL1 and IDNL2 are also essential components of the RdDM pathway. In higher-order mutants, the methylation phenotype is not enhanced further than what is observed in the single idn2-1 mutant, suggesting a nonredundant role between IDN2 and its paralogs in the IDN2 complex. Comparisons with known RdDM mutants in genome-wide methylation and expression analyses solidify the role of the IDN2 complex as a core component of RdDM machinery.
Results
Structural Analysis of IDN2 XS Domain. We previously showed that IDN2 binds to double-stranded RNA with 5′ overhangs in vitro through its XS domain (5) . Bioinformatic analysis has suggested that the XS domain is likely to adopt a unique RNA-recognition motif (RRM) fold, which would be consistent with its in vitro activity (10) . To gain further insights into the structure and mechanism of the XS domain we determined the structure of the IDN2-XS domain along with a small segment of adjacent coiledcoil region (120-292) by X-ray crystallography (Fig. 1) . We found that the core structure of the XS domain superimposes closely over a known RRM domain. However, insertions in the XS domain form a few additional secondary structural elements: a β-strand (β N ) at the N terminus, a longer loop having an antiparallel β-sheet (formed by β1a and β1b) between α1 and β2, a longer loop having a small α-helix (α3) between α2 and β4, and two additional α-helices (α3 and α4) at the C-terminal end of the XS domain (Fig. 1B and Fig. S1 ). Because RNA binding The authors declare no conflict of interest.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1206638109/-/DCSupplemental. specificity by RRM fold proteins depends on the loops present between α-helices and β-strands, it is likely that insertions in these regions in the XS domain result in its unique specificity toward 5′-overhang-containing dsRNA. This structural study provides unique empirical evidence that the XS domain has a unique RRM motif. Additionally, by examining the electrostatic surface of the XS domain, we observed an exposed positively charged basic patch (Fig. 1D ). This patch likely interacts directly with negatively charged RNA molecules.
As seen in the crystal structure, IDN2 (120-292) dimerizes mainly via a coiled-coil segment ( Fig. 1 C and D) . The fact that the coiled-coil region readily dimerizes suggests that IDN2 potentially exists in vivo in higher-order complexes with itself. However, as discussed below, the interaction is more likely between IDN2 and closely related homologs, which also contain a coiled-coil domain.
IDN2 Forms a Complex with Paralogs IDNL1 and IDNL2. To determine the interacting partners of IDN2, we produced transgenic lines expressing IDN2 fused to different epitope tags under the control of the IDN2 promoter region. These IDN2 epitope-tagged transgenic lines were able to complement the methylation defect of the idn2-1 mutant at the MEDEA-INTERGENIC SUB-TELOMERIC REPEATS (MEA-ISR), indicating normal protein functionality (Fig. S2) . Upon establishing homozygous lines, we prepared protein extracts from the apical tissue of BLRP::9xMyc:: IDN2 complementing lines and performed affinity purification with streptavidin. Purified extracts were analyzed by multidimensional protein identification technology (MudPIT) (11) . MudPIT analysis from two independent purifications revealed the presence of abundant peptides of the proteins At1g15910 and At4g00380, indicating that those two proteins and IDN2 could form a complex in vivo (Table 1) . Much less abundant peptides from a few other proteins were also found in both replicas, although it is not known whether these are of any significance. At1g15910 and At4g00380 are in the same gene family as IDN2, and share 92% amino acid identity with each other (Fig. S3A) . The members of this gene family all contain the same domain architecture and organization as IDN2 (Fig. 1A) . We termed At1g15910 and At4g00380 IDNL1 and IDNL2, respectively. To confirm the interaction between IDN2 and IDNL1, we performed several assays including gel filtration, IDNL1 coimmunoprecipitation (co-IP), and IDNL1 affinity purifications ( Fig. 2 A and B and Table 1 ). For gel filtration assays we first generated a complementing transgenic line expressing IDN2:: 3xFLAG::BLRP in two different genetic backgrounds: the idn2-1 mutant and the idn2-1 idnl-1 idnl2-1 triple mutant. After gel filtration and Western blotting, the elution profile revealed a significant delay in elution of the complex in the triple idn2-1 idnl-1 idnl2-1 mutant background compared with idn2-1 ( Fig.  2A) . Given that both idnl1-1 and idnl2-1 are insertion mutants that do not generate a transcript (Fig. S3 B and C) , this delay can be explained by the absence of these two proteins in the complex.
To examine the IDN2 complex in further detail, we generated complementing transgenic lines carrying the IDNL1::9XMYC fusion under the control of IDNL1 promoter region (Fig. S2 ). This line was crossed to IDN2::3xFLAG::BLRP, and plants from the subsequent F 1 generation were analyzed by co-IP, confirming the in vivo interaction (Fig. 2B) . Additionally, we affinity purified the transgenic IDNL1 using an anti-Myc antibody and performed MudPIT analysis. Consistent with both the co-IP and IDN2 MudPIT, we observed a substantial interaction with IDN2 (Table   1 ). In fact, over two independent replicates, IDN2 was the only protein to be recovered from both. Taken together, these data confirm the IDNL1-IDN2 in vivo interaction.
IDNL1 and IDNL2 Are Required for RdDM. Given the fact that IDN2 affects de novo methylation (5) and both IDNL1 and -2 copurify with IDN2, it seemed likely that those two genes might be also required for de novo methylation. To assess this hypothesis, we used the well-studied gene FLOWERING WAGENINGEN (FWA). FWA is heritably silenced by methylation; however, unmethylated fwa epialleles exhibit ectopic expression that results in a dominant late-flowering phenotype (12) . After FWA transformation, wild-type plants are able to methylate and silence FWA transgenes, whereas RdDM mutants fail to methylate FWA and thus flower late (1, 12) . Using FWA, we transformed individual idnl mutants as well as the idnl double mutant and the idn2-1 idnl1-1 idnl2-1 triple mutant. After FWA transformation, idnl2-1 did not show any flowering defect, whereas idnl1-1 displayed a slightly late flowering phenotype (Fig. 2C ). This delay in flowering was correlated with a small decrease in methylation in all contexts; however, preestablished CG methylation remained unaffected at the FWA endogenous gene (Fig. 3D ). Interestingly idnl1-1 idnl2-1 double-mutant plants showed a late-flowering phenotype as strong as that of idn2-1. However, the idn2-1 idnl1-1 idnl2-1 triple mutant did not show a defect any stronger than idn2-1 ( Fig. 2 C and D) . These data suggest partial redundancy between IDNL1 and IDNL2, which is consistent with their high similarity at the amino acid level. The function of IDNL2 can be fully compensated by IDNL1, but IDNL2 seemingly cannot entirely replace the function of IDNL1.
All known genes affecting de novo methylation are involved in the maintenance of DRM2-mediated methylation at several loci (13, 14) . Combining methylation-sensitive enzymes and PCR or Southern blot analysis, as well as bisulfite sequencing techniques, we examined the methylation status of known RdDM targets: MEA-ISR, FWA repeats, and the AtSN1 transposon ( Fig. 3 A-D) . As expected on the basis of its minor de novo methylation defect, idnl1-1 caused a slight reduction in non-CG methylation at all tested loci. Similarly, with the observed data for de novo methylation, idnl2-1 did not display any defect in methylation whereas idnl1-1 idnl2-1 double mutants and idn2-1 idnl1-1 idnl2-1 triple mutants showed a drastic reduction in non-CG methylation levels. Again, this severe reduction was comparable to that observed in the idn2-1 mutant, reinforcing the hypothesis that IDNL1 and IDNL2 act redundantly, together with the required factor IDN2.
IDN2 Complex Acts at a Downstream
Step of RdDM. To determine where in the pathway IDNL proteins are acting, we analyzed the abundance of siRNAs at several loci. IDN2 complex members contain the double-stranded RNA-binding XS domain, shared with another Arabidopsis protein, SGS3 (15) . SGS3 acts upstream of RNA-DEPENDENT RNA POLYMERASE 6 (RDR6) in a small RNA pathway that is distinct from RdDM (16) . However, in previous work we have shown that IDN2 is not required to generate 24-nt siRNAs associated with RdDM and thus does not act upstream of RDR2 (5). The idnl1-1 idnl2-1 double mutant has a similar effect to idn2-1, in that siRNAs are reduced at some loci, but not eliminated, as is observed in mutants in NUCLEAR RNA POLYMERASE D 1 (NRPD1)-the largest subunit of Pol IV (Fig. 4A) . The siRNA levels were not further decreased in the triple-mutant background, providing strong confirmation that the IDN2 complex acts at a downstream step from siRNA biogenesis. Instead, the siRNA pattern is reminiscent of the NUCLEAR RNA POLYMERASE E 1 (NRPE1) mutants-the largest subunit of Pol V-which affects siRNA levels at a subset of RdDM targets (17) .
We next wanted to determine whether the IDN2 complex is required for the accumulation of Pol V transcripts. Pol V has been shown to be an active polymerase that transcribes intergenic noncoding (IGN) regions that are necessary for the recruitment of downstream RdDM components such as AGO4 (3, 4) . Using quantitative reverse-transcriptase PCR (Q-RT-PCR), we tested the accumulation of IGN transcripts at two loci-IGN5 and MEA-ISR-in idnl single mutants, the idnl1-1 idnl2-1 double mutant, and the idn2-1 idnl1-1 idnl2-1 triple mutant. Comparison with wild-type levels showed no significant differences, placing the IDN2 complex downstream of the production of IGN transcripts (Fig. 4B ).
Genome-Wide Methylation and Expression Analysis. To gain a broader understanding of how the IDN2 complex affects the Arabidopsis epigenome, we performed shotgun bisulfite sequencing in wild-type Columbia, the various idn mutants, and drm2-2 as a positive control (18) . We defined differentially methylated regions (DMRs, Dataset S1) that showed reduced CHH context methylation in the drm2-2 and idn libraries relative to Columbia and plotted the respective densities across the five chromosomes in the Arabidopsis genome (Fig. 5A) . We found that the patterns of DMRs were markedly similar for all mutants tested, indicating that there are few, if any, loci affected by the IDN2 complex outside of those affected by DRM2. This last point is further supported by comparing the drm2-2 and idn2-1 DMRs (Fig. 5B ). We observed a striking overlap between the regions identified in these datasets, which is consistent with the idn2-1 methylation effect observed at the known RdDM target loci tested (Fig. 3) . Moreover, when analyzing the methylation state of the "nonoverlapping regions," we do in fact see a somewhat reduced DNA methylation state in idn mutants at drm2-2 DMRs and vice versa (Fig. 5C ). This result indicates that virtually all DRM2 targets are affected by loss of IDN2, even though some were excluded from the threshold used to call overlap of regions (Fig. 5B) due to the stringency cutoffs used to define DMRs.
An important aspect of the genome-wide bisulfite sequencing data comes from comparing the methylation of various idn mutants in DMRs defined in both drm2-2 and idn2-1 (Fig. 5C) . In every instance, the patterns for idn2-1, the idnl1-1 idnl2-1 double mutant, and the idn2-1 idnl1-1 idnl2-1 triple mutant phenocopy one another. The genomic methylation data serve as strong additional evidence that the components of the IDN2 complex are likely to function together and are consistent with our methylation analysis at individual loci (Figs. 2 B and C and 3) .
We also performed whole-genome mRNA sequencing (mRNA-seq) in the idn class of mutants and various other RdDM mutants to better understand the regulatory role of the IDN2 complex ( Fig. 6 and Fig. S4 ). Initially we performed the analysis in floral tissue and observed a direct correlation (P < 1 × 10 between idn2-1 and nrpe1-11 affected genes ( Fig. 6 A and B and Dataset S2). Comparing the fold change of genes affected in RdDM mutants as well as idn family mutants, we clearly can see a similar pattern of transcriptional control (Fig. 6C) . We performed a second replicate in 3-wk-old leaf tissue-the same tissue type used for shotgun bisulfite sequencing-and observed the same trend as in the floral tissue ( Fig. S4 and Dataset S2). Together, the data indicate that the IDN2 complex helps mediate DNA methylation and transcriptional control of RdDM targets genome-wide.
Discussion
In this study we have described a complex containing IDN2 and two partially redundant paralogs to IDN2 that we named IDNL1 and IDNL2. While we were preparing this manuscript, an independent group corroborated our results indicating a role in RdDM for IDN2 paralogs (19) . Structural analysis of the IDN2 XS + coiled coil shows that in vitro the protein tends to homodimerize. We propose that in vivo, the coiled-coil domain mediates the interaction between IDN2 and the coiled coils of either IDNL1 or IDNL2 (Fig. 7 ). It appears that IDNL1 and IDNL2 are interchangeable components of the complex, but IDN2 does not have a redundant partner. Genomic RNA-seq and BS-seq data strongly support the conclusion that null mutations in all three genes do not further enhance the RdDM phenotype of the IDN2 single mutant. Moreover, even if IDN2 has the ability to complex with itself in vivo-as it appears to be able to under crystallization conditions-this complex does not compensate for the loss of IDNL1/IDNL2. Therefore, IDN2 together with either IDNL1 or IDNL2 is required for complete DRM2-mediated genome methylation.
In the study describing the discovery of IDN2, we noted that the DNA methylation phenotype of the idn2-1 mutation is not as strong as that of the drm2-2 mutation (5). We hypothesized that this difference may be due to redundant activity of one or more XS+XH proteins in the IDN2 family. Given that we do not see an enhanced phenotype even in the triple mutant, apparently DRM2 still maintains some minimal activity in the absence of the IDN2 complex. However, we cannot discount the possibility that some other XS+XH protein(s) that does not interact with the components of the IDN2 complex fulfills a partial functional redundancy.
The fact that the IDN2 and IDNL1/IDNL2 proteins with such similar domain architecture are not only tightly complexed with each other, but also are nonredundant with each other, raises the interesting question of what distinguishes the different activities of IDN2 and IDNL1/IDNL2. We have previously shown that the XS domain of IDN2 binds to double-stranded RNA with 5′ overhangs (5) . Perhaps the XS domain of IDNL1/ IDNL2 contains a slightly different RNA-binding preference, which allows the IDN2 complex to bind to its target. Alternatively, all three proteins contain the conserved-but uncharacterized-XH domain (15) . Until the domain's function is better understood, we can only speculate on its role. However, we cannot rule out that different, or dual, XH activity is required for IDN2 complex function.
As previously mentioned, the XS-domain-containing protein SGS3 acts upstream of RDR6 in a distinct small RNA pathway (16) . We have shown that the IDN2 complex is not required for RDR2 activity for primary siRNA generation (Fig. 4A) . It is also known that SGS3 acts downstream of ARGONAUTE 1 (AGO1) cleavage of TAS transcripts (20) . To extend the analogy to the RdDM pathway, it is possible that the IDN2 complex may act downstream of AGO4 (Fig. 7) . Given that IDN2 complex proteins contain zinc fingers, which may serve as DNA-binding motifs, one possibility is that the IDN2 complex binds to RNA and DNA simultaneously (Fig. 7) . This binding could serve to anchor DNA methylation effectors to chromatin that is producing long noncoding Pol V transcripts. However, because some zinc fingers have been shown to bind RNA, we cannot rule out that the zinc fingers of IDN proteins might serve as further RNA-binding motifs (21) (22) (23) . Although it has not been conclusively demonstrated that AGO4 slices Pol V transcripts, these transcripts are required to recruit AGO4 to chromatin (4). This model is consistent with the IDN2 complex acting downstream of Pol V transcription (Fig. 4B) . If the IDN2 complex does interact directly with AGO4, the interaction is too transient to be reliably detected by our methods. Perhaps the siRNA disengages from AGO4 and binds to the Pol V transcript, leaving doublestranded RNA with a 5′ overhang (Fig. 7) . It is also unclear what purpose binding the Pol V transcripts by the IDN2 complex would serve with regard to DNA methylation. The IDN2 complex does not seem to be required for Pol V transcript degradation, because we did not observe an increased abundance of IGN transcripts in the mutant backgrounds (Fig. 4B) . If the IDN2 complex serves to bind the junction formed by the hybridization of an AGO4 bound siRNA and a Pol V transcript, this action could serve to integrate the information from both the upstream siRNA generation part of the pathway (driven by the location of Pol IV transcription) and the downstream long noncoding RNA portion of the pathway (driven by the location of Pol V transcription). The IDN2 complex could then serve as a signaling molecule for the recruitment or activation of chromatin modification enzymes, ultimately culminating in the recruitment or activation of DRM2 to methylate DNA. Continued studies on the role of XS+XH-containing proteins will be an exciting area of research in understanding RNAmediated transcriptional control.
Materials and Methods
Plant Materials. All plants used in this study are the Columbia ecotype and grown under long-day conditions. The following mutant lines were used: ago4-4 (described in ref. 14), drm2-2 (SALK_150863), nrpd1-4 (SALK_08305), nrpe1-11 (SALK_02991), idn2-1 (described in ref. 5), idnl1-1 (SALK_075378), and idnl2-1 (SALK_012288). Information about the idnl1-1 and idnl2-1 T-DNA insertions can be found in Fig. S3C .
Protein Expression and Purification. The PCR-amplified cDNA fragment of Arabidopsis IDN2 (120-292) encoding the XS domain and a small segment of coiled-coil region was cloned in pET-Sumo vector (Invitrogen) and overexpressed in Escherichia coli BL21 (DE3) cells. The protein was purified from the soluble fraction by a Ni-affinity column, which was followed by overnight treatment with SUMO protease Ulp1 at 4°C to cleave the His 6 -SUMO tag. Cleaved His 6 -SUMO tag was removed from the protein by a second round of Ni-affinity column chromatography. Protein was further purified by gel-filtration chromatography, using a HiLoad 16/60 Superdex-75 prep grade column (GE Healthcare). Purified proteins were concentrated to 15-20 mg/ mL in 25 mM Tris·HCl, pH 8.0, 100 mM NaCl, and 1 mM DTT; immediately frozen in liquid N 2 ; and stored at −80°C. L-selenomethionine (Se-Met)-labeled protein for ab initio phasing was produced by feedback inhibition of the methionine synthesis pathway.
Crystallization and Structure Determination. Crystals of IDN2 (120-292) were grown using the vapor-diffusion method by mixing the protein with an equal volume of reservoir solution containing 0.1 M BIS-Tris, pH 6.5, and 2.0 M ammonium sulfate. Small crystals appeared overnight at 20°C and grew to full size within 1 wk. For data collection, crystals were flash frozen (100 K) in reservoir solution supplemented with 20% (vol/vol) ethylene glycol. Diffraction datasets were collected on a 24-ID-C beamline at the Advanced Photon Source (APS). Datasets were integrated and scaled using the HKL2000 suite (24) .
Our attempt to solve the structure of IDN2 (120-292) using datasets collected on Se-Met-labeled protein-containing crystal was unsuccessful due to the presence of only one methionine (lack of sufficient phasing power). Phasing was finally carried out using an IDN2 construct having residues 120-270 with residues Leu198 and Thr247 mutated to methionine to improve the phasing power (Table S1 ). The structure of Se-Met-labeled IDN2 (120-270; L198M and T247M) was determined by the single-wavelength anomalous dispersion (SAD) method, using Phenix.Autosol (25) . Phase improvement was carried out using density modification, producing a clearly interpretable electron density map from which an initial model was built manually using Coot (26) . The structure of IDN2 (120-292) was solved by the molecular replacement program MOLREP (27) , using the structure of the Se-Met-labeled IDN2 (120-270; L198M and T247M). The model was completed using several rounds of manual model building in Coot (26) and refinement using Phenix. Refine (25) . The majority of the model has a clear and well-interpretable electron density map with the exception of a few solvent-exposed side chains, which were omitted in the final model. The geometry of the final model was checked using Procheck (28) . The data collection and refinement statistics for IDN2 (120-292) are given in Table S1 .
Southern Blots. Approximately 4 μg of genomic DNA was separated on a 1% agarose gel and then transferred to Hybond N+ membranes. We blocked and washed the blot according to manufacturer's instructions (GE Healthcare). We probed the membranes using PCR products radiolabeled with [α-32 P]dCTP, using the Megaprime DNA Labeling System (GE Healthcare; RPN1606). Primers used for probe amplification are listed in Table S2 .
Bisulfite Sequencing and Analysis. For sodium bisulfite sequencing, DNA was treated using the EZ DNA Methylation Gold kit (Zymo Research) by following the manufacturer's instructions. Amplified PCR fragments from each analyzed locus were cloned into pCR2.1-TOPO (Invitrogen) and sequenced. We analyzed 15-22 clone sequences per sample, using Lasergene SeqMan software. To distinguish the FWA transgene from the endogene, we destroyed a BglII restriction site in the transgenic copy in the region of PCR amplification. We then bisulfite treated genomic DNA of transgenic plants following a BglII digestion (37°C, overnight), which prevented amplification of the endogenous gene. Additionally, the transgenic copy of FWA was derived from the Landsberg ecotype; thus we could distinguish between the transgene and the endogene on the basis of the existence of three single-nucleotide polymorphisms within the amplicon in case BglII digestion was not complete. Primers used for amplification are listed in Table S2 .
HaeIII Cutting Assay. Analysis of asymmetric methylation at the AtSN1 locus was performed exactly as described in ref. 29 . Primers used for amplification are listed in Table S2 .
Flowering Time. We measured flowering time of plants as the total number of leaves (rosette and cauline leaves) developed by a plant at the time of flowering.
Generation of Transgenic Plants. Transgenic plants were generated as described in ref. 30 .
Gel Filtration. We collected about 300 mg of young inflorescence tissue and homogenized it in IP buffer and then spun it in microfuge tubes for 5 min at 4°C at 16,000 × g. Then we transferred the supernatant to a fresh tube and spun again. The supernatant was then filtered through a 0.2-μm filter Coimmunoprecipitation Analysis. Coimmunoprecipitation and Western blotting were performed as described in ref. 31 . IP was performed with M2 Flag agarose (50% slurry, Sigma; A2220). Western blotting was performed with ANTI-FLAG M2 Monoclonal Antibody-Peroxidase Conjugate (Sigma; A8592) and c-Myc 9E10 mouse monoclonal antibody (Santa Cruz Biotechnology; sc-40).
RNA Analysis. Pol V transcript assays and siRNA Northern blots were performed exactly as described in ref. 31 . Sequences used for amplification and probing are listed in Table S2 .
Genome-Wide RNA Sequencing and Computational Analysis. We prepared mRNA for Illumina sequencing from both floral and 3-wk-old leaf tissue. A summary of read counts for each library can be found in Dataset S3. Floral tissue. Total RNA was isolated from mixed-stage inflorescence tissues of Columbia and the various idn mutants, using TRIzol reagent (Invitrogen). Total RNA (10 μg) for each sample was used for purifying the poly(A)-containing mRNA molecules, RNA amplification, and synthesis of doublestranded cDNAs that were ligated to adapters, thus preparing the libraries for sequencing on the Illumina GAII. The mRNA-seq library preparation protocol was followed according to manufacturer's instructions. Libraries were sequenced on an Illumina GAII at the Delaware Biotechnology Institute (Newark, DE). Three-week-old leaf tissue. Total RNA was prepared using a TRIzol (Invitrogen) extraction from 0.5 g of 3-wk-old plant aerial tissue. Four micrograms of total RNA was then used to prepare libraries for Illumina sequencing, following the Illumina TruSeq RNA Sample Prep guidelines. Multiplexed samples were sequenced at 50 bp length on an Illumina HiSeq 2000 instrument. For data analysis, 50-bp sequences called by the Illumina pipeline were mapped to the Arabidopsis genome (TAIR8), using Bowtie (32) . Only reads mapping uniquely to the genome with a maximum of two mismatches were used for further analysis. To quantify changes in gene expression, read counts over each Arabidopsis gene model were used to perform Fisher's exact tests between genotypes. False discovery rates (FDR) were estimated Fig. 7 . Model for the role of the IDN2 complex in RdDM. Pol V produces a transcript that recruits siRNA-loaded AGO4. The siRNA loaded in AGO4 hybridizes with the nascent Pol V transcript, and the AGO4 protein is released. The XS domain of IDN2 (magenta) is able to recognize this species of RNA. In this interpretation, IDNL1/IDNL2 (cyan) forms a complex with IDN2 in an antiparallel orientation along their respective coiled coils. It is possible that the XS domain of IDNL1/IDNL2 binds to a separate siRNA-Pol V transcript hybrid as well. The riboprotein complex is stabilized to chromatin by the IDN2 complex proteins binding to DNA via their zinc fingers. Through an unknown mechanism, the IDN2 complex and bound RNA promote DNA methylation by DRM2.
by applying a Benjamini-Hochberg adjustment to resulting Fisher's P values. All statistical analysis was conducted in the R environment.
The mRNA sequence data are available from the National Center for Biotechnology Information (NCBI)'s Gene Expression Omnibus (GEO) and are accessible via GEO Series accession nos. GSE37206 (floral) and GSE36129 (leaf).
Shotgun Bisulfite Sequencing. Genomic DNA was extracted from 1 g of 3-wkold plant aerial tissue, using a DNeasy Plant Maxi Kit (Qiagen). Libraries for bisulfite sequencing were generated and sequenced as described in ref. 33 , with the change that sequencing was carried out on an Illumina HiSeq 2000 instrument. A summary of library read counts can be found in Dataset S3. Reads were subsequently mapped to the Arabidopsis genome (TAIR8), using the BSseeker wrapper (34) of the Bowtie aligner (32) .
For data analysis, only cytosines with 5× coverage in all libraries compared were considered. DMRs were discovered using a sliding-window approach with 200-bp window sliding at 50-bp intervals. Fisher's exact test was performed for methylated vs. unmethylated cytosines for each context, using the resultant windows, with FDRs estimated using a Benjamini-Hochberg adjustment of Fisher's P values calculated in the R environment. Windows with a FDR < 0.05 were considered for further analysis and windows within 100 bp of each other were condensed to larger regions. Regions were then adjusted to extend to differentially methylated cytosines at each border. A cytosine was considered differentially methylated if it showed at least a twofold reduction in methylation percentage in the mutant. Finally regions were also filtered to have at least 10 differentially methylated cytosines and have an average twofold reduction in methylation percentage per cytosine.
The bisulfite sequence data are available from the NCBI's GEO and are accessible via GEO Series accession no. GSE36143.
Protein Databank Accession Number. Atomic coordinates and the structure factor for the crystal structure of Arabidopsis IDN2 (120-292) have been deposited in the Protein Data Bank under accession code 4E8U. The protein sequences were aligned using ClustalW2, and a tree was generated using the Phylodendron Phylogenetic tree printer. (B) RT-PCR of idnl1-1 and idnl2-1 alleles. UBQ10 was used as a loading control. Primers for amplification can be found in Table S2 . (C) Gene models showing the location of the TDNA insertions for idnl1-1 and idnl2-1. 
Supporting Information

